AD-A279  901 


0 


DESIGN  AND  DEMONSTRATION  OF  AN 
ACOUSTO-OPTIC  TIME-INTEORATING  CORRELATOR 
SriTN  A  LARGE  A  PARALLEL  GAIN 


N.  Broiisseau  and  J.WIA.  Salt 


DTIC 

ELECTE 
JUN  02 1994 


94-16307 

'III  lllli  full  ItSia  ailnn  ..... * 


DEFENCE  RESEARCH  ESTABLISHMENT  OTTAWA 

TECHNICAL  NOTE  93-24 


CanadS 


December  1993 
Ottawa 


1^1 


NaUon^  OAtente 
Oetonc*  nationals 


DESIGN  AND  DEMONSTRATION  OF  AN 
ACOUSTO-OPTIC  TIME-INTEGRATING  CORRELATOR 
WITH  A  LARGE  A  PARALLEL  GAIN 


by 

N.  Brousseau  and  J.WA.  Salt 

Electronic  Support  Measures  Section 
Electronic  Warfare  Division 


Accesion  For 


NTIS  CRA&I 
DTIC  TAB 
Unannounced  □ 
Justification 


By _ 

Distribution  / 


¥ 


Availability  Codes 


Dist 


Avail  and/or 
Special 


DEFENCE  RESEARCH  ESTABLISHMENT  OTTAWA 

TECHNICAL  NOTE  93-24 


PCN 
041 LQ 


December  1993 
Ottawa 


m 


ABSTRACT 


Tim«-Integratlng  Correlators  (TICs)  use  either  surface 
(integrated-optics)  or  bulk  acousto-optic  interactions.  This 
technical  note  documents  the  development  of  a  signal  processor 
that  includes  a  TIC  designed  to  operate  with  a  large  parallel 
gain  and  a  digital  post-processor  (DPP) .  The  DPP  controls  both 
the  input  of  signals  to  the  TIC  and  the  collection  and  analysis 
of  optical  data  from  the  TIC.  This  note  also  reviews  the 
principle  of  operation  of  TICs,  discusses  the  selection  criteria 
and  compromises  involved  in  selecting  the  various  components,  and 
describes  the  DPP,  and  presents  the  algorithms  availed>le  to 
analyze  the  output  of  the  TIC. 


RESUME 

Les  effets  acousto-optigues  de  surface  (optigue  intdgrde) 
ou  de  volume  peuvent  dtre  utillsds  pour  la  mise  en  oeuvre  de 
Corrdlateurs  A  Integration  Temporelle  (CIT) .  Le  but  de  cette 
note  technigue  est  de  ddcrlre  le  developpement  d'un  systAme  de 
traitement  des  signaux  gui  inclut  un  CIT  A  gain  parallAle  AlevA 
et  une  Unite  de  Post-Traitement  Numerlgue  (UPTN) .  L'UPTN  contrdle 
les  signaux  d' entree  du  CIT  ainsi  gue  la  collects  et  1* analyse 
des  donnees  optigues  produites  par  le  CIT.  Une  brAve  revue  des 
principes  d* operation  d'un  CIT  ainsi  gu'une  discussion  des 
critAres  de  selection  des  diverses  composantes  et  des  compromis 
necessaires  sont  prdsentes.  L'UPTN  et  les  algor ithmes  d' analyse 
des  donnees  de  sortie  du  CIT  sont  anssi  decrits. 
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EXECUTIVE  SUMMARY 


Tine-Integrating  Correlators  (TIC)  are  particularly 
suitable  for  processing  long  duration,  large  bandwidth,  data 
strings.  However,  their  most  important  feature  is  their 
capability  to  perform  correlation,  in  parallel,  over  a  wide  range 
of  relative  time-delays.  This  feature  provides  a  large  parallel 
gain  and  naXes  signal  acquisition  easier.  High-quality  laser 
light  sources,  photodetector  arrays,  and  Bragg  cells  make  it 
possible  to  produce  high-performance  optical  data  processors. 

The  TIC  presented  in  this  technical  note  is  an  acousto¬ 
optic  data  processor  that  produces  a  cross-correlation  between 
any  two  RF  input  signals  without  requiring  time-inversion  of  one 
of  the  signals.  It  is  designed  to  operate  with  a  large  parallel 
gain  and  a  digital  post-processor  (DPP) .  This  note  reviews  the 
principle  of  operation  of  TICs  and,  discusses  the  criteria  and 
compromises  involved  in  selecting  the  various  components.  The 
coaqpromises  involved  in  the  selection  of  an  Helium-Neon  laser,  of 
tellurium  dioxide  Bragg  cells  and  of  the  techniques  used  to 
expand  the  laser  beam  are  discussed.  The  imagining  system, 
constructed  from  commercially  available  lenses,  and  the  detector 
array  are  described. 

The  DPP  controls  both  the  input  of  signals  to  the  TIC  and 
the  collection  and  analysis  of  optical  data  from  the  TIC.  This 
note  also  presents  the  algorithms  used  to  analyze  the  output  of 
the  TIC.  The  algorithms  developed  for  pedestal  removal  and  for 
statistical  analysis  of  results  produced  by  the  TIC  are 
described. 
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1.0  INTRODUCTION 


High-quality  sources  of  laser  light,  photodetector  arrays 
and  Bragg  cells  make  It  possible  to  produce  high-performance 
optical  data  processors.  The  time-integrating  correlator  (TIC) 
presented  In  this  technical  note  Is  an  acousto-optic  data 
processor  that  produces  a  cross-correlation  between  any  two  radio 
frequency  (RF)  input  signals  whose  down-converted  versions  are 
within  the  bandwidth  of  the  Bragg  cell. 

TICs  are  particularly  sult2d>le  for  the  processing  of  long 
duration,  large  bandwidth,  data  streeuas  (for  example,  the  streams 
used  In  spread-spectrum  commiinicatlons) .  The  correlation  signal 
produced  by  a  TIC  contains  Information  ad)out  the  parameters  of 
the  signal  that  Is  being  processed.  A  correlation  peak  indicates 
that  two  nearly  Identical  data  streeuns  have  been  received.  The 
shape  and  location  of  this  peak  contain  information  that  can  be 
used  to  determine  the  carrier  frequency,  the  modulation  rate,  and 
the  difference  In  time  of  arrival  of  the  signals.  However,  the 
most  important  feature  of  TICs  Is  their  capability  to  perform 
correlation,  in  parallel,  over  a  wide  range  of  relative 
time-delays.  This  feature  provides  a  large  parallel  gain,  and 
makes  signal  acquisition  easier.  Applications  such  as 
spread-spectrum  processing  [1-3],  fine-delay  estimation  of  time 
of  arrival  [4],  passive  surveillance  [5,  6],  and  analysis  of 
deoxyribose  nucleic  acid  (DNA)  [7]  have  been  proposed  for  TICs. 

TICs  use  either  integrated-optics  [1-3,5-6,8-13]  or  bulk 
[4,7,14-25]  acousto-optic  Interactions.  This  technical  note 
documents  the  development  of  a  signal  processor  that  includes  a 
TIC  designed  to  operate  with  a  large  parallel  gain  and  a  digital 
post-processor  (DP?) .  The  DPP  controls  both  the  input  of  signals 
to  the  TIC  and  the  collection  and  analysis  of  optical  data  from 
the  TIC.  The  principle  of  operation  of  TICs  and  the  criteria  and 
compromises  Involved  in  selecting  various  components  are 
discussed  In  Sections  2.0  and  3.0.  The  DPP  which  controls  the 
flow  of  data  to  and  from  the  TIC,  and  the  algorithms  developed  to 
analyze  the  output  of  the  TIC  are  described  in  Section  4.0. 


2.0  DESCRIPTION  OF  A  TIME-INTEGRATING  CORRELATOR 

TICs  based  on  amplitude  modulation  of  laser  beams  use 
either  integrated-optics  [1-3,5-6,9,12]  or  bulk  [7,15-19] 
acousto-optic  interactions.  In  acousto-optic  systems,  a  modified 
Mach-Zehnder  configuration  is  used.  Thorough  theoretical 
analyses  of  these  systems  are  available  [1,12,17,24]:  therefore, 
only  those  aspects  related  to  the  design  of  a  system  with  a  large 
parallel  gain  are  reviewed. 

In  the  system  shown  in  Figures  1  and  2,  the  beam  produced 
by  the  HeNe  laser  is  expanded  and  then  divided  into  two  equal 
intensity  paths  by  a  cvibe  beam-splitter.  The  two  beams  are  then 
redirected  (at  the  Bragg  angle)  onto  the  Bragg  cells,  by  two 
folding  mirrors  (Ml  and  M2) .  A  photograph  of  the  system  is 
presented  in  Figure  2.  The  two  RF  Inputs  that  carry  digital 
modulation  are  applied  to  the  Bragg  cells  to  amplitude-modulate 
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Figure  2: 


Photograph  of  the  Mach-Zehnder  Time-Integrating 
Correlator  Developed  at  DREO 

a)  the  whole  system  with  the  laser  and 
its  power  supply  on  the  top  level, 

b)  the  interferometer. 


th«  expanded  laser  beams  through  a  bulk  acousto-optic 
interaction.  Because  no  bias  is  used  in  the  linear  modulation 
process,  a  maximum  dynamic  range  is  produced.  The  two  diffracted 
light  distributions  carry  the  information  contained  in  the  two  RF 
signals  that  were  applied  to  the  Bragg  cells.  The  diffracted 
light  beeuns  are  mixed  and  imaged  on  the  detector  array  to  be 
counterpropagating.  The  elements  of  the  detector  array  perform 
coherent  addition  and  time-integration  of  the  two  signals.  The 
signal  S(T,z)  produced  by  the  detector  array  can  be  described  as: 

S(T,z)  -  J^|A(  t+z/v) +B(t-z/v)  I’  dC  (1) 


s{T,z)  =  f  A^{  t+z/v)  dt+  [  B^(  t-z/v)  dt 

Jt  Jt  ^2) 

+  2  j^A  ( t+z/v)  B*  ( t-z/v)  dt 


where  A(t)  and  B(t)  are  the  signals  applied  to  the  Bragg  cells,  t 
is  the  time,  T  is  the  Integration  time  of  the  detector  array,  v 
is  the  velocity  of  the  acoustic  signal  in  the  Bragg  cells,  and  z 
is  the  distance  along  the  Bragg  cells  (z=0  is  located  at  the 
centre  of  the  Bragg  cells) .  The  *  represents  the  complex 
conjugate.  The  t+z/v  and  t-z/v  terms  represents  the  fact  that 
the  signals  propagated  in  the  Bragg  cells  are  imaged  to  be 
counterpropagating  on  the  detector  array.  This  counter¬ 
propagation,  combined  with  the  time-integration  performed  by  the 
detector,  is  essential  to  the  production  of  a  correlation. 

The  typical  output  of  a  TIC  that  is  performing  an  auto¬ 
correlation  is  charact^ized  by  a  peak  that  appears  over  a 
pedestal.  The  and  B^  terms  in  equation  [2]  contribute  to  the 
formation  of  the  pedestal  (see  Figure  3) .  The  correlation  peak 
is  produced  by  the  AxB  term,  at  the  meeting  point  of  the  two 
counterpropagating  signals  on  the  detector  array.  The 
correlation  peak  can  be  observed  over  a  range  of  time  delays  that 
is  equal  to  twice  the  time  r  it  takes  the  signal  to  propagate 
through  the  Bragg  cells.  To  facilitate  the  detection  of  the 
peak,  the  pedestal  is  removed.  The  presence  of  the  correlation 
peak  can  be  confirmed  by  using  a  threshold  signal. 

In  TIC  that  was  developed  by  DREO,  the  light  beams  are 
amplitude  modulated  by  the  acoustic  waves,  rather  than  intensity 
(power)  modulated.  Linear-amplitude  modulation  is  possible  when 
^e  diffraction  efficiency  of  the  Bragg  cell  is  low,  and  because 
no  bias  is  used,  a  better  dynamic  range  is  available  for  signal 
processing  [12  (p.29l),  25]. 
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Figure  3:  A  Correlation  peak  on  a  pedestal. 

a)  without  fringes  1)  peak; 

2)  pedestal, 

b)  with  fringes. 
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The  parallel  processing  gain  (6p)  is  determined  by  the 
ntuBber  of  bits  present  in  the  Bragg  cells.  The  gain  is  equal  to 
the  product  of  the  bit  rate  (B)  of  the  signal  and  the  time-delay 
window  2r  of  the  TIC. 


Cp  -  2t  B 


(3) 


3.0  SELECTION  OF  THE  COMPONENTS  OF  A  TIME-INTE6SATIN6  CORRELATOR 

The  selection  of  components  for  a  TIC  with  a  large  parallel 
gain  involves  many  compromises.  Limitations  are  imposed  by  the 
availability  of  components  and  by  constraints  on  the  size  and 
complexity  of  the  final  system.  More  than  one  good  solution  is 
available.  However,  the  set  of  choices  presented  in  this 
technical  note  was  found  to  be  most  appropriate  given  the 
constraints  that  were  faced. 

3 . 1  Bragg  Cells 

The  key  components  of  a  TIC  with  a  large  parallel  gain  are 
Bragg  cells  with  a  large  time-aperture  r.  The  length  of  the 
Bragg  cells  must  be  kept  to  a  manageable  dimension.  Therefore, 
in  optical  materials  with  a  slow  acoustic  velocity  of  propagation 
(V)  and  with  a  low  attenuation  of  the  acoustic  waves  are  used  to 
obtain  a  large  time-aperture.  Large  time-aperture  devices  are 
usually  made  of  tellurium  dioxide  (Te02)  operating  in  the  slow- 
shear  mode.  Devices  with  time-apertures  as  large  as  100  ns  are 
available  commercially.  The  dynamic  range,  polarization,  and 
frequency  response  of  Bragg  cells  have  been  extensively  studied 
and  are  well  documented  [26-30].  Because  the  velocity  of 
acoustic  waves  in  TeOj  is  620  m/s,  a  device  with  a  lOO-^s 
aperture  device  is  62-mm  long.  To  take  advantage  of  the  full 
interaction  time  of  these  Bragg  cells,  the  whole  aperture  must  be 
illuminated.  The  signals  propagating  in  the  Bragg  cells  must 
also  be  Imaged  on  the  detector  array.  These  operations  are  not 
easy  with  a  62-mm  aperture.  A  compromise  between  maximum 
parallel  gain  and  implementation  difficulties  was  reached  by 
building  the  first  system  with  Bragg  cells  that  had  a 
time-aperture  of  50  ms  (31-mm  aperture) . 

It  is  also  desireddle  that  the  TIC  produce  correlation  peaks 
that  are  of  tiniform  amplitude  over  the  aperture  of  the  Bragg 
cells.  This  requires  that  the  exponential  attenuation  in  the 
Bragg  cells  be  compensated  for  by  selecting  the  appropriate  part 
of  the  Gaussian  distribution  of  the  illumination  beam  for  each 
Bragg  cell.  The  distribution  of  diffracted  light  is  flattened  if 
only  40  MS  of  the  50  ms  aperture  c*  the  Bragg  cells  is  used. 
Narrowing  or  tapering  the  illumination  profile  also  helps  control 
the  parameters  of  the  Gaussian  distribution  of  the  illiminating 
beam.  A  TIC  with  a  time-aperture  of  40  ms  time-aperture  of  40  ns 
that  is  operated  at  20  MHz  has  a  parallel  gain  of  1600. 
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Figure  4  Illustrates  the  Intensity  distributions  produced 
for  one  particular  adjustment  of  the  TIC.  Part  A  is  the  light 
diffracted  by  Bragg  cell  A,  Part  B  is  the  light  diffracted  from 
Bragg  cell  B,  and  Part  C  is  the  combined  output  from  both  Bragg 
cells. 

3 . 2  Beam  Expansion 

A  large  time-aperture  TIC  requires  large  mirrors  and  beam¬ 
splitters,  which  tend  to  become  heavier  and  more  expensive  as 
they  increase  in  size.  Expansion  of  the  laser  beam  is  also  a 
problem  because  pinhole  spatial  filtering  is  necessary  to  remove 
the  noise  generated  by  non-uniformity  of  the  laser  beam  (see 
Figure  5,  a  and  b) .  Beam  expanders  with  pinhole  filtering  and  a 
100-mm  diameter  aperture  are  available  commercially,  but  they  are 
large  and  heavy.  Similar  50-mm  diameter  beam  expanders  are  more 
manageable,  but  they  require  other  techniques  (for  example, 
prisms  [31-33])  to  increase  their  effective  dieuneter  to  62  mm. 
However,  the  use  in  the  prototype  of  a  25-mm  long  section  of 
Bragg  cells  with  a  time-aperture  of  40  na  reduced  complexity  and 
enabled  the  use  of  a  50-mm  beam-expander  without  a  prism. 

The  light  budget  is  also  important.  When  a  100-mm  diameter 
beam  expander  is  used,  less  than  1%  of  the  energy  falls  on  the 
centred  1  x  62-mm  aperture  of  the  Bragg  cells.  When  a  50-mm  beeun 
expander  is  used  to  Illuminate  the  1  x  25-mm  Bragg  cell 
apertures,  2%  of  the  available  energy  is  provided  to  the  Bragg 
cells  and  greater  flexibility  is  available  to  select  an 
appropriate  section  of  the  Gaussian  profile.  Therefore,  smaller 
Bragg  cells  combined  with  a  smaller  beeuir  expander  seem 
preferable. 

The  diffraction  efficiency  of  Bragg  cells  decreases 
exponentially  as  the  distance  from  the  transducer  increases.  The 
transducer  uses  the  piezoelectric  effect  to  transform,  the  RF 
signal  applied  to  the  Bragg  cells  into  a  travelling  modulation  of 
the  index  of  refraction  of  the  crystal.  What  really  matters  is 
that  the  product  of  the  illumination  pattern  with  the  attenuation 
function  of  the  Bragg  cells  be  as  uniform  as  possible.  Figure  4 
shows  typical  light  distributions  that  were  generated  when  the 
best  25-cm  segment  of  the  Bragg  cell  was  illuminated  with  a 
selected  25-mm  segment  of  a  50-mm  beam  expander. 

The  quality  of  the  wavefront  produced  by  the  beam  expander 
was  evaluated  using  a  beam-shearing  interferometer.  The 
interferogram  illustrated  in  Figure  5c  shows  that  a  small  amount 
of  aberration  causes  the  fringes  to  curve  slightly.  The  fringes 
associated  with  a  perfectly  flat  wavefront  would  be  straight. 

The  wavefront  error  in  this  interferogreun  is  A/4. 
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Figure  5:  Output  of  the  Beam-Expander 

a)  without  pinhole  filtering, 

b)  with  pinhole  filtering,  and 

c)  beam-sharing  interferogreun  of  the 
illumination  beam. 
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3.3  B«aB-Splltt«rs,  B«aB-Mix«rs,  and  Mirrors 

Ths  dsslgn  of  a  TIC  that  usss  tha  Mach-Zahnder 
IntarfsroBstrlc  layout  (Flguras  1  and  2)  has  ninin\u  dsgrses  of 
fresdom.  It  rslias  on  accurats  aachins  shop  practice  to  nount 
the  coaqponents  precisely.  The  mirrors  Ml  and  M2  in  the 
interferometer  rotate  about  their  vertical  axis  and  can  be 
adjusted  using  a  knob  and  loclcable  set  screw.  The  folding 
mirrors  are  mounted  on  a  rotation  stage  as  are  the  beam  splitter 
and  the  beam  mixer.  Cube  beam-splitters  and  mixers  with  50-nm 
aperture  and  a  flatness  of  1/20  are  needed  to  illuminate  the 
25-am  effective  aperture  of  the  Bragg  cells. 

3 . 4  Imaging  System 

The  imaging  system  was  made  using  two  Pentax  SMC  85  am 
camera  lenses  set  back-to-back.  The  two  lenses  operate  at  close 
to  optimal  conditions:  because  parallel  light  enters  the  first 
lens  and  is  focused  in  the  Fouri«r  plane.  The  light  then 
diverges  and  is  transformed  again  into  a  parallel  beam  by  the 
second  lens.  This  compact  symmetrical  configuration  that  can  be 
adjusted  to  produce  images  with  a  magnification  close  or  equal  to 
one.  Because  the  Fourier  plane  is  easily  accessible  it  can  be 
used  to  perform  bandpass  filtering,  remove  the  undiffracted 
light,  or  possibly,  luidertake  interference  excision  [12 
(p. 127) ,30]. 

The  quality  of  the  wavefront  of  the  output  beam  was  checked 
using  a  beam-shearing  interferometer.  Figure  6  shows  the 
interferograms  that  were  produced  when  the  focus  of  the  lenses 
was  set  at  «  and  0.85  m  with  focal  lengths  of  85  mm  and  77  mm, 
respectively.  The  beam-shearing  interferogram  of  the  incident 
illuminating  beam  is  shotm  in  Figure  5c.  The  effects  of 
spherical  aberration  [34]  are  visible.  As  expected,  better 
results  were  obtained  when  the  focus  of  the  lenses  was  set  at  «. 
The  quality  of  the  wavefront  produced  when  the  focus  was  set  at  «» 
is  certainly  sufficient  to  demonstrate  the  success  of  the 
prototype.  The  resolution  of  the  imaging  system  was  measured 
using  a  high-contrast  USAF  test  target,  and  it  was  foxind  to  be  at 
least  200  lines/mm  over  the  central  25-mm  section  of  the  image 
field  for  at  magnification  of  one. 

3 . 5  Laser  Selection 

A  few  important  factors  must  be  taken  into  account  when 
selecting  the  source  of  laser  light  for  a  TIC.  Some  of  these 
requirements  are  conflicting;  therefore,  compromises  must  be 
made.  For  exeunple,  a  very  small  laser  is  easier  to  package. 
However,  the  laser  must  produce  enough  power  to  operate  the 
system,  and  small  lasers  produce  small  power  output.  Another 
selection  criterion  is  the  stability  of  the  mode  of  output  of  the 
laser.  The  laser  must  be  operated  in  the  fundamental  mode,  which 
is  characterized  by  a  Gaussian  distribtuion  of  the  output  light. 
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Figure  6:  Beeun-shearing  interferogreuns  of  the  wavefront 
produced  by  the  imaging  system 

a)  focus  at  «  and  focal  length  85  mm, 

b)  focus  at  0.85  m  and  focal  length  77  mm. 


11 


Othmx  transversal  sodas,  which  produce  light  distributions  having 
bri^t  and  dark  spots  are  unacceptable.  The  aaoxint  of  heat 
dissipated  by  the  laser  is  also  a  concern  because  it  affects  the 
thermal  stability  of  the  whole  TIC. 

The  laser  must  also  operate  at  a  wavelength  for  which  a 
sensitive  linear  detector  array  is  available  to  detect  the  light 
distributions  produced  by  the  TIC.  This  limits  the  range  of 
wavelengths  to  the  visible  and  near  infrared.  The  red  end  of  the 
spectra  is  preferred  because  the  PIN  photodiodes  that  are  used  as 
detectors  are  most  sensitive  to  red  light.  Reliability  is  also 
important. 

The  two  obvious  choices  were  HeNe  lasers  and  laser  diodes. 
Laser  diodes  operating  at  850  nm  were  seriously  considered,  but 
they  were  rejected  because  of  their  cost  and  the  iinacceptable 
delays  that  were  associated  with  conversion  from  HeNe  visible 
light  to  laser  diode  near- Infrared  invisible  light.  The  cost  and 
delays  were  caused  mainly  by  the  replacement  of  the  optical 
components  that  had  anti-reflection  costing  for  HeNe  with 
cosponents  that  had  anti-reflection  coating  for  laser  diodes  at 
850  nm,  and  by  the  procurement  of  new  Bragg  cells  that  were 
optimized  to  operate  at  that  laser  wavelength.  A  10-mW  HeNe 
laser  was  selected  because  of  its  well-esteUdlished  record  for 
reliable,  trouble-free  operation.  As  well,  all  of  the  optical 
equipment  has  an  anti-reflection  coating  for  that  wavelength. 

When  this  work  was  done,  visible  laser  diodes  operating  at 
about  630  nm  with  sufficient  power  and  stability  were  under 
development,  but  they  were  not  yet  available.  These  diodes 
should  be  considered  when  their  performance  has  been  improved. 

3 . 6  Detector  Array 

A  Thompson  CSF  TH  7805  detector  array  was  used  to  supply 
data  to  the  DDP  in  the  first  prototype  of  the  Nach-Zehnder  TIC. 
This  detector  array  has  2048  elements  that  are  each  13  fm  X  13  ym 
in  size.  The  signals  from  the  odd  and  even  number  elements  are 
clocked  by  two  different  CCD  shift  registers  at  a  maucimum  rate  of 
10  MHz;  therefore,  the  overall  equivalent  read-out  rate  is  20 
MHz.  This  feature  limits  the  minimum  integration  time  to  104  ns. 
The  longest  integration  time  possible  with  the  present  system  is 
416  MS,  which  is  limited  by  the  DDP.  The  dynamic  range  of  the 
detector  array  was  measured  to  be  22  db  [35].  Other  detector 
arrays  have  been  accpilred  and  will  be  tested.  A  better  detector 
array  will  be  included  in  a  more  advanced  version  of  the  TIC. 

3.7  Packaging 

The  original  package  was  designed  to  allow  the  TIC  to  be 
installed  in  a  19  inch  (48-cm)  rack,  and  to  explore  the 
requirements  for  stable  operation.  The  freune,  component 
supports,  and  layout  were  designed  by  DREO  staff  and  manufactured 
in  the  CRC  machine  shop.  This  work  was  based  on  the  design  and 
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dCBonstration  of  th«  first  "brsadboard" .  Special  care  was  taken 
to  alnimize  the  degrees  of  freedom  for  the  alignment  of  the 
components.  A  combination  of  commercial  and  custom-designed 
holders  was  used  to  make  the  syst«B  as  rigid  as  possible.  The 
laser  and  its  power  supply  were  installed  above  the  rest  of  the 
optics  (see  Figure  2a) .  This  design  facilitates  the  dissipation 
of  the  large  amount  of  heat  generated  by  these  two  components. 

The  laser  beam  is  taken  down  to  the  lower  level  by  a  system  of 
two  penta-prisms  and  this  enables  the  system  to  fit  a  19-inch 
rack  more  easily. 

Although  the  optical  st2d)ility  was  far  better  after 
packaging,  it  was  still  unsatisfactory  because  of  the  nature  of 
the  Kach-Zehnder  layout,  which  has  numerous  components  and  widely 
separated  optical  paths.  These  paths  may  suffer  independent 
effects  from  vibrations  and  thermal  disturbemces  that  can  reduce 
their  st2U>ility.  Therefore,  it  was  decided  to  explore  other 
architectures  that  would  require  less  components,  be  more 
coapact,  and  would  consequently  be  easier  to  package  and  more 
likely  to  provide  stable  performance.  It  was  also  decided  that, 
if  possible,  the  final  packaging  of  the  operational  system  should 
be  done  by  a  specialized  firm. 


4.0  THE  DIGITAL  POST-PROCESSOR 

Most  operations  of  the  TIC  are  controlled  by  the  DPP.  The 
DPP  (Figure  7)  controls  the  flow  of  signals  to  and  from  the  TIC 
and  the  associated  hardware  and  software.  The  DPP  provides  the 
operator  interface  [36]  and  allows  pareuneters  of  operation  (for 
example,  the  Integration  time,  the  type  of  display  for  the 
results,  and  the  type  of  pedestal  removal)  to  be  defined.  The 
DPP  also  contains  the  algorithms  used  for  statistical  analysis  of 
the  results  from  the  TIC.  Most  of  the  results  in  this  technical 
note  were  collected  using  the  TIC  and  its  DPP. 

The  DPP  is  designed  to  be  a  research  tool;  therefore,  it 
has  a  large  2unount  of  flexibility.  This  flexibility  is  achieved 
by  the  use  of  software  rather  than  hardware  [37-38]  to  implement 
the  processing  algorithms.  Although  this  leads  to  slow 
operation,  it  is  acceptable  for  a  prototype  whose  main  purpose  is 
to  test  the  processing  algorithms.  However,  hardware  will  be 
used  to  implement  most  of  the  algorithms  that  will  be  included  in 
future  upgrades  of  the  system. 

4 . 1  System  Configuration 

The  system  runs  in  the  Microsoft  Windows  (2.11)  operating 
environment  under  the  MS-DOS  2.04  operating  system  on  an  286  IBM 
AT-coBqmtlble  computer  [36].  Windows  provides  a  graphics 
interface  under  which  several  tasks  can  rxin  concurrently. 

Standard  mouse,  keyboard,  screen  and  printer  interfaces  are 
provided.  The  post-processor  consists  of  several  independent 
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tasXs  that  run  concurrantly  and  conaunlcata  using  the  Dynamic 
Data  Exchange  protocol  and  a  few  special  messages.  The  system  is 
iiqplenented  in  the  C  computer  language,  and  includes  some 
Assembler  routines  where  necessary.  The  Microsoft  C  5.1  compiler 
and  Microsoft  Macro  Assembler  5.1  were  used.  An  IEEE-488 
Controller  is  the  serial  interface  between  the  computer  and  the 
other  components  of  the  system.  Table  1  lists  the  main  pieces  of 
eg[uipment  in  the  DPP. 


TABLE  1:  LIST  OF  EQUIPMENT  USED  TO  IMPLEMENT 

THE  SPREAD-SPECTRUM  PROCESSING  FACILITY 


80286  computer  (8  MHz) 

640  id)  RAM,  1  Mb  expanded  memory 

AT  style  keyboard 

EGA  adapter 

80287  coprocessor 

2  removedale  hard  disks 

360  Kb  5  1/4-inch  floppy  disk  drive 

1.2  Mb  5  1/4-inch  floppy  disk  drive 

mouse 

High-Resolution  colour  graphics  monitor 

lOtech  Micro488  RS-232C  to  IEEE-488  bus  controller 

Laser  printer 

AYDIN  Pattern  Generator  Model  2712G 


The  DPP  hardware  processes  [39]  the  output  from  the  TIC 
without  intervention  from  the  host  processor.  This  includes 
pedestal  removal  (see  Section  4.2),  and  the  detection  of 
correlation  peaks  above  a  specified  threshold.  The  detection  of 
a  correlation  peeUc  is  declared  as  soon  as  the  threshold  has  been 
met  M  times.  N  trials  are  allowed.  It  is  also  possible  to  add 
many  TIC  outputs,  each  of  them  collected  with  an  integration  time 
(T) ,  to  increase  the  effective  integration  time.  Hardware  is 
availedsle  to  perform  phase-shift  pedestal  removal  for  the  carrier 
frequencies  and  bandwidths  that  correspond  to  the  various  types 
of  TICs  that  were  studied  at  DREO  (see  Table  2) .  Processing 
within  the  correlator  is  performed  in  real  time  at  pixel  rates 
that  are  the  saune  as  the  read-out  rate  of  the  pixels  in  the 
detector  array  (10  MHz) .  It  was  decided  to  test  the  system  using 
direct  sequence  spread  spectziun  signals  employing  maximal-length 
sequences  (m-secpiences)  [40]  as  spreading  codes.  The  m-seguences 
are  designated  by  an  octal  number  representing  their  generating 
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polynonlal.  W«  use  the  notation  described  in  [40].  These 
slmals  are  wideband  signals  which  produce  a  nearly  ideal  single 
triangular  correlation  peak  of  known  width.  Correlation  of  these 
signals  represents  the  applications  of  detecting  a  known  signal 
in  noise,  or  of  determining  the  direction  of  arrival  of  a  direct 
sequence  signal  by  correlating  the  signals  received  from  two 
spaced  antennas. 

The  host  processor  prograuns  the  hardware  when  a  new 
sequence  of  bits  is  sent  to  the  TIC  from  the  AYDIN  pattern 
generator.  Multiple  sequences  are  stored  in  a  file  and  processed 
in  a  sweep  through  the  file. 


TABLE  2:  CHARACTERISTICS  OF  THE  PHASE-SHIFT  MODULES 

INCLUDED  IN  THE  DIGITAL  POST-PROCESSOR  HARDWARE 


Characteristics  of 
Bragg  Cell 

Bandwidth 

Center  Frequency 

glass  (bulk 
interaction) 

100  MHZ 

150  MHz 

LiNbOj  ( integrated 
optic  interaction) 

80  MHZ 

400  MHz 

TEOj  (bulk 
Interaction) 

30  MHZ 

45  MHz 

TEO2  (bulk 
interaction) 

50  MHZ 

75  MHZ 

When  a  correlation  peak  is  detected,  information  (for 
exeunple,  location,  euaplitude,  and  width)  is  extracted  and 
presented  to  the  operator.  The  fringe-period  determination  and 
power-spectrum  computation  can  also  be  performed.  The  analysis 
of  a  correlation  function  in  the  host  processor  is  not  performed 
in  real  time. 

The  three  states  of  operation  [38,39]  of  the  TIC  are  Idle, 
Run,  and  Calibrate  (see  Figure  8).  In  the  Idle  state,  the 
parameters  of  the  correlator  anC  code  generator  can  be  changed. 

As  well,  control  options  can  be  changed,  and  the  other  states  can 
be  entered.  In  the  Run  state,  the  correlator  is  progreunmed  to 
search  for  correlations  between  the  input  signal  and  one  or  more 
codes.  Detected  correlation  peaks  are  analyzed  and  the  results 
are  presented  either  on  the  screen  or  the  printer.  Results  may 
also  be  saved  on  disk.  The  Run  state  terminates  when  the 
progreunmed  operations  are  completed,  when  a  detection  occurs,  or 
when  the  operator  halts  the  progreua.  At  termination,  the  system 
returns  to  the  Idle  state. 
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Figure  8;  Some  of  the  windows  of  the  digital  post-processor. 
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Figure  9:  Exeunple  of  pedestal  removal  with  the 
phase-shift  removal  technique. 

a)  autocorrelation  of  m-seguence  717, 

b)  cross  correlation  of  m-sequence  615  by  717 
where  the  m-sequence  are  designated  by  an 
octal  niimber  representing  their  generating 
polynomial  according  to  the  notation 
described  in  [40]. 


Thr««  typ«8  of  calibration  can  be  performed  in  the 
Calibrate  state.  In  phase  calibration,  the  system  calculates  the 
phase  shift  required  to  maximize  the  cross-correlation  ftinction 
of  the  two  RF  inputs.  In  amplitude  calibration,  the  system 
calculates  the  amplitude  offset  required  to  optimize  pedestal 
cancellation.  In  sensitivity  calibration,  the  correlator  is 
programmed  to  generate  the  characteristics  of  correlation 
sensitivity.  When  the  calibration  operations  are  complete,  or 
when  the  operator  halts  them,  the  Calibrate  state  terminates,  and 
the  TIC  returns  to  the  Idle  state. 

4.2  Algorithms  for  Pedestal  Removal 

The  DPP  includes  three  algorithms  for  pedestal  removal  (see 
Section  2.0).  In  all  three  tec^iques,  data  collected  during  the 
previous  integrations  are  subtracted  from  the  current  data  to 
remove  the  pedestal.  The  first  method  [1,12]  consists  of 
subtracting  two  successive  frames.  The  second  frzune  is  collected 
when  a  180*  phase  shift  of  the  RF  signal  is  applied  to  one  of  the 
Bragg  cells.  This  technique  removes  the  pedestal  and  produces  a 
positive  peak  whose  eunplitude  (see  Figure  9)  is  twice  the 
amplitude  of  the  peak  of  the  fraunes  used  f  c  the  svibtraction. 

Figure  9  illustrates  autocorrelati<  r  and  cross  correlation 
of  a  maximum-length  pseudorandom  direct  sequence  that  was 
produced  by  the  AYDIN  pattern  generator.  Because  of  one  of  the 
fxindamental  properties  of  maximum  length  direct  sequences  [41], 
the  autocorrelation  exhibits  only  one  high-eunplitude  peak  (Figure 
9a) ;  whereas,  the  cross  correlation  contains  many  minor  peaks 
(Figure  9b) .  This  fact  has  an  impact  on  the  threshold  for  peak 
detection.  The  DPP  includes  the  hardware  and  software  needed  to 
perform  phase-shift  pedestal  subtractions  for  the  four  different 
combinations  of  bandwidth  and  centre  frequency  that  are 
associated  with  the  different  types  of  Bragg  cells  (see  Table  1) . 

The  second  technique  for  pedestal  removal  (see  Figure  10) 
subtracts  previously  acquired  pedestal  that  is  refreshed  at  a 
rate  defined  by  the  user.  This  method  requires  a  technique  of 
data  collection  that  always  produces  positive  peaks. 

In  the  third  method  (see  Figure  11) ,  the  last  frame  that  is 
collected  (if  it  does  not  contain  a  peak)  contributes  a 
percentage  to  the  pedestal  level  used  for  the  sxibtraction.  The 
pedestal  values  are  updated  after  each  frame  is  collected  and  the 
current  pedestal  is  used  to  remove  the  pedestal  from  the  freune 
just  collected. 

The  second  and  third  methods  produce  peaks  (see  Figures  10a 
and  11a)  with  half  the  eunplitude  of  the  peaks  produced  by  the 
phase-shift  method  (see  Figure  9a) .  However,  the  signal-to-nolse 
ratios  of  the  three  methods  should  be  the  same.  This  can  be 
verified,  to  a  good  approximation,  by  comparing  the  results  of 
Figures  9,  10  and  11. 


4.3  PacJcagM  for  Statistical  Analysis 


Thraa  diffarant  programs  hava  baan  includad  in  tha  DPP  for 
statistical  analysis.  Tha  first  program  [42]  allows  tha  operator 
to  request  tha  calculation  of  tha  mean,  tha  variance,  and  the 
standard  deviation  of  tha  amplitude  of  a  segment  of  a  correlogreun 
specified  by  tha  operator.  The  parameters  of  the  statistical 
analysis  are  set  by  the  user.  The  statistical  analysis  window 
and  an  example  of  the  results  are  presented  in  Figure  12.  The 
user  can  request  an  analysis  of  two  different  segments  of  the 
correlogram.  Each  range  must  be  defined  by  its  first  and  last 
pixel.  The  program  is  executed  by  activating  the  emalyze  button, 
and  the  results  are  displayed  on  the  screen  when  the  calculations 
are  finished.  For  each  of  the  two  segments,  the  number  of  pixels 
in  each  segment,  the  maximum  amplitude  found  in  the  selected 
ranges,  the  location  of  the  maximum  amplitude,  the  average 
amplitude,  and  the  variance  and  the  stemdard  deviation  of  the 
aaqplitude  distribution  are  presented.  These  results  can  be 
printed  (see  Figure  12b) . 

With  the  second  progreun  [42],  repetitive  tests  can  be 
defined  and  statistics  on  the  detection  of  a  correlation  peak  and 
on  the  position  and  height  of  the  peedc  can  be  calculated. 
Probabilities  of  detection  and  of  false  alarms  can  also  be 
calculated.  The  detection  statistics  window  and  the  resulting 
statistical  report  are  illustrated  in  Figure  13. 

The  third  program  [43]  is  used  to  calculate  probeOaility 
distributions.  Figure  14  shows  the  windows  that  control  the 
calculation  of  the  probability  distribution  of  the  correlograms 
and  display  of  the  results.  Printed  results  are  illustrated  in 
Figure  15.  The  package  allows  the  user  to  specify  up  to  ten 
points  on  the  correlograms  on  which  to  calculated  probedsility 
distributions . 

The  operator  must  specify  whether  each  location  is  on  a 
peak  or  in  the  noise.  At  most,  seven  noise  or  seven  peak  values 
can  be  selected  at  one  time.  A  histogreun  of  the  absolute  value 
of  the  amplitude  for  each  specified  pixel  is  accximulated .  The 
window  illustrated  in  Figure  14a  allows  the  user  to  select  the 
type  of  results  that  will  be  calculated  from  the  histogram. 

These  results  are  displayed  in  the  format  illustrated  in  Figure 
14b.  It  is  possible  to  calculate  and  display  the  probability* 
density  function  or  the  cumulative-distribution  function  for  the 
currently  selected  pixel.  In  addition,  when  the  cumulative- 
distribution  function  is  displayed,  it  can  be  overlaid  with  the 
corresponding  Gaussian  distribution.  A  pixel  repoirt  (see  Figure 
15)  or  a  P  (tail)  report  (see  Figure  16)  can  be  selected  from  the 
print  menu.  The  pixel  report  reproduces  the  information  that  is 
currently  displayed  in  the  statistics  window.  The  P  (tail) 
report  displays  and  prints  information  edsout  the  tail 
probabilities  of  the  histogreuns  for  every  pixel  selected  in  the 
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Figure  10:  Example  of  pedestal  removal  with  the  refreshed 
pedestal  technique. 

a)  autocorrelation  of  m-sequence  717, 

b)  cross  correlation  of  m-sequence  615  by  717 
where  the  m-sequence  are  designated  by  an 
octal  ntamber  representing  their  generating 
polynomial  according  to  the  notation 
described  in  [40]. 


Figure  ll:  Example  of  pedestal  removal  with  the  averaging 
technique. 

a)  autocorrelation  of  m-sequence  717, 

b)  cross  correlation  of  m-*sequence  615  by  717 
where  the  m-sequence  are  designated  by  an 
octal  number  representing  their  generating 
polynomial  according  to  the  notation 
described  in  [40]. 


Range  1  1000  px  to  1005  px 

#  Pixels  :  6 
Maxinun  :  0.8  % 

Location  :  1003  px 
Mean  :  0.129 
Variance  :  0.083 
b)  Std.  Dev.  :  0.289 


Range  2  1050  px  to  1052  px 

#  Pixels  :  3 
Naxinum  :  84.9  % 

Location  :  1051  px 
Mean  :  61.146 
Variance  :  313.628 
Std.  Dev.  ;  17.710 


Figure  12:  Package  for  Statistical  Analysis. 

a)  statistical  analysis  window, 

b)  statistical  analysis  results. 
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Figure  13:  Package  for  (detection  Statistics. 

a)  detection  statistics  windows, 

b)  detection  statistics  results. 
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Figure  14:  Example  from  the  Probability  Distribution 
Package: 

a)  probability  distribution  window, 

b)  results  window. 
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Figure  15:  Example  of  Results  from  the  Probability 
Distribution  Package: 

a)  probeQ»ility  density, 

b)  cumulative  distribution. 
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5.0  CONCLUSIOl^ 

il  first  version  of  a  TIC  has  been  designed  and  demonstrated 
ar  DltSG.  The  great  versatility  of  this  prototype  wi.il  allow  luany 
software  aigorithias  to  be  tested  and  compared.  Hard.iare 
iMplGioantations  of  these  algorithms  should  substantially  increase 
in  the  speed  of  more  advanced  versions. 

The  capability  of  the  TIC  to  produce  correlatica  has  becoi 
dcHoriotrateci,  and  processing  algorithms  for  statistical  analysis 
have  been  developed.  Three  techniques  of  pedestal  r  nnoval  have 

baeri  demonstrated . 

However,  the  stability  of  the  output  still  reqi  ires 
iifiproveiaant.  Fringes  in  the  output  could  produce  "blind  spor,;  ” 
in  the  operating  time-winaow.  As  a  result,  research  will  be 
undertaken  to  develop  a  strategy  for  data  collection  that  is 
insensitive  to  the  phase  error  that  originates  from  .he  RF 
carrier  or  the  optical  system. 

Uork  is  planned  on  the  design,  construction,  ard  testing  of 
nevj,  more  compact  architectures  that  would  make  the  packaging  of 
the  system  easier  and  facilitate  the  production  of  a  stable 

output . 
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Figure  16:  Exeunple  of  a  Ptail  Distribution  from  the 
Probability  Distribution  Package. 
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13.  A8STRACT  (  •  briif  aid  tKtwl  swmMry  el  the  decumetit  It  amt  ippeer  elsewhere  in  the  bedy  of  the  decumem  itself.  It  is  highly 
destrsMe  that  the  ehstrect  ef  elessified  decumeffls  be  undessified.  Eeeh  perierwh  of  the  ebstrect  shell  begm  with  en  indieeiien  of  the 
security  elessifieauen  ef  the  infermeiien  in  the  pngreph  bnless  the  decumem  itself  is  undenified)  represented  es  (S).  (C),  er  (U). 

It  is  net  necessery  to  include  here  ibsirects  m  both  efficel  lengueges  imless  the  text  is  bilingud). 

(U)  Time-Integrating  Correlators  (TICs)  have  been  implemented  using  either 

surface  (integrated  optics)  or  bulk  acousto— optic  interaction.  The  purpose  of  this 
technical  note  is  to  document  the  development  of  a  signal  processing  facility  that 
includes  a  TIC  designed  to  operate  with  a  large  parallel  gain  and  a  Digital 
Post-Processor  (DPP) .  The  DPP  controls  the  input  signals  to  the  TIC  and  the 
collection  and  analysis  of  the  optical  data  produced  by  the  TIC.  A  brief  review  of  the 
principle  of  operation  of  TICs  is  presented  together  with  discussions  about  the 
selection  criteria  for  the  various  components  and  the  compromises  involved.  A 
description  of  the  DPP  facility  and  of  the  algorithms  available  to  analyse  the 
output  of  the  TIC  is  also  included. 
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